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Galactose Biosynthesis in Arabidopsis:
Genetic Evidence for Substrate Channeling
from UDP-D-Galactose into Cell Wall Polymers
otide sugar transport, and glycosyltransferases are or-
chestrated to adapt cell wall synthesis to continuously
changing developmental and environmental require-
ments. The arabinogalactan proteins (AGPs) are a class
of highly galactosylated proteoglycan-like molecules
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Colney
Norwich NR4 7UH ubiquitous in plants, and previous work has suggested
a function for these proteins in controlling cell expansionUnited Kingdom
in plants [11]. Loss-of-function mutations in the REB1
gene in Arabidopsis thaliana cause root epidermal bulg-
ing [2] (see below), reminiscent of what is seen in rootsSummary
treated with -glucosyl Yariv reagent, which specifically
binds to AGPs. Moreover, the content of AGPs in reb1The biosynthesis of plant cell wall polysaccharides
roots is reduced, and the composition of AGPs is alteredrequires the concerted action of nucleotide sugar in-
[3]. Cell type specificity of the morphological defect to-terconversion enzymes, nucleotide sugar transport-
gether with the observed biochemical alteration in reb1ers, and glycosyl transferases [1]. How cell wall syn-
suggested that the REB1 gene product might be in-thesis in planta is regulated, however, remains
volved in the biosynthesis of cell wall AGPs or its regula-unclear. The root epidermal bulger 1 (reb1) mutant in
tion. We mapped REB1 between the markers nga111Arabidopsis thaliana [2] is partially deficient in cell wall
and nga280 on the bottom arm of chromosome I (seearabinogalactan-protein (AGP), indicating a role for
the Supplementary Material available with this articleREB1 in AGP biosynthesis [3]. We show that REB1 is
online). Map position, and their similar phenotype, sug-allelic to ROOT HAIR DEFICIENT 1 (RHD1) [4], one of
gested allelism between REB1 and RHD1 [4], which hadfive ubiquitously expressed genes that encode iso-
been roughly mapped to the same chromosomal region.forms of UDP-D-glucose 4-epimerase (UGE), an en-
Reciprocal crosses between reb1-1 and rhd1 producedzyme that acts in the formation of UDP-D-galactose
100% mutant offspring in the F1 and F2 generations.(UDP-D-Gal). The RHD1 isoform is specifically re-
Consequently rhd1, reb1-1, and reb1-2 are all recessivequired for the galactosylation of xyloglucan (XG) and
mutant alleles of the previously described RHD1 genetype II arabinogalactan (AGII) but is not involved either
and will subsequently be referred to as rhd1-1, rhd1-2,in D-galactose detoxification or in galactolipid biosyn-
and rhd1-3, respectively. An additional mutant allele,thesis. Epidermal cell walls in the root expansion zone
rhd1-4, was identified in another screen [12]. We finelack arabinosylated (1→6)--D-galactan and galacto-
mapped RHD1 to a 42-kb region covered by the genomicsylated XG. In cortical cells of rhd1, galactosylated XG
clone F15H21 (see the Supplementary Material). To iden-is absent, but an arabinosylated (1→6)--D-galactan
tify the RHD1 gene, we sequenced genomic DNA iso-is present. We conclude that the flux of galactose from
lated from the four available rhd1 mutant alleles at theUDP-D-Gal into different downstream products is
positions of predicted open reading frames (ORFs) pres-compartmentalized at the level of cytosolic UGE iso-
ent in this region. ORF At1g64440 contained single-forms. This suggests that substrate channeling plays
nucleotide substitutions in all four mutant alleles. Nonea role in the regulation of plant cell wall biosynthesis.
of the other tested candidate genes showed sequence
polymorphisms between the wild-type (WT) and rhd1
Results and Discussion mutant alleles. The nucleotide substitutions in rhd1-1,
-2, -3, and -4 mutant alleles were 1260G/A, 1833C/T, 436G/A,
The cell wall is essential for every aspect of plant life and 1023G/A and gave rise to the amino acid substitutions
and represents a major carbon sink in the biosphere. 186Gly/Glu, 250Ala/Val, 63Asp/Asn, and 135Trp/Stop, respec-
The biosynthesis of cell wall carbohydrates requires an tively. The WT seedling morphology was restored in
arsenal of glycosyltransferases that incorporate acti- rhd1-1 plants by transformation with a genomic frag-
vated sugars into acceptor carbohydrates. In general, ment containing only ORF At1g64440.
sugars are activated by conversion into nucleotide sug- Sequence comparison of the predicted RHD1 poly-
ars, which also act as the substrates for the generation peptide with related gene products of Arabidopsis thali-
of other monosaccharides (Figure 1) [1, 5]. While cellu- ana and other organisms showed that RHD1 is a member
lose and callose synthesis take place at the plasma of a gene family in Arabidopsis thaliana consisting of
membrane [6, 7], the biosynthesis of pectin, XG, and three clades (Figure 2A). One clade, besides RHD1, con-
proteoglycans occurs inside the Golgi lumen [8]. In this tains UGE1, a UGE identified in Arabidopsis thaliana
case, Golgi-localized nucleotide sugar transporters are [13], and three closely related proteins. UGE2 and UGE3
needed to bridge the topological barrier between nucle- encode proteins with UGE activity [14], and the isoform
otide sugar synthesis in the cytosol and Golgi lumenal encoded by RHD1 has been designated UGE4 [1]. RHD1
glycosyltransferases [9, 10]. It is presently unknown how is 60%–80% identical to other members of this clade.
nucleotide sugar synthesis and interconversions, nucle- The single UGE isoforms from Homo sapiens and Esche-
richia coli and the amino-terminal moiety of Gal10 from
Saccharomyces cerevisiae are 53%, 49%, and 48%1Correspondence: keith.roberts@bbsrc.ac.uk
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Figure 1. Nucleotide Sugar Interconversions
in Arabidopsis thaliana
UDP-D-glucose is produced by various path-
ways, including sucrose synthase and UDP-
glucose pyrophosphorylase. It is converted
into UDP-D-glucuronic acid by UDP-D-Glc
dehydrogenase (UGD, four Arabidopsis thali-
ana genes). UDP-D-GlcA is converted into
UDP-D-Xyl by UDP-GlcA decarboxylase
(UXS). UDP-D-Gal is formed de novo by the
action of UDP-Glc 4-epimerase (UGE, five
Arabidopis genes, including RHD1/UGE4). Analogously, UDP-D-galacturonic acid is formed from UDP-D-glucuronic acid by UDP-D-GlcA
4-epimerase (GAE, six putative genes in Arabidopsis thaliana) or alternatively from the oxidation of myo-inositol. UDP-L-arabinose is formed
by UDP-D-Xyl 4-epimerase (UXE, four putative genes in Arabidopsis thaliana). UDP-D-galactose, formed from free D-galactose in a salvage
pathway by galactokinase (KIN) and UDP-D-galactose pyrophosphorylase (PP), can be converted into UDP-Glc by UGE. Analogous salvage
routes exist for most other nucleotide sugars.
identical to RHD1, respectively. We confirmed the possi- related to Cap1J, a UDP-D-glucuronic acid 4-epimerase
of Streptococcus pneumoniae [15] (44%–49% identical),bility that RHD1 is an isoform of UGE by expressing
recombinant histidine-tagged RHD1 protein in E. coli and one member of Clade III is very close to the map
position of the MUR4 gene that is predicted to codeand found that affinity-purified RHD1 converts UDP-D-
Gal into UDP-D-Glc with a specific activity of 7412 nmole for UDP-D-xylose 4-epimerase [16]. These two clades
therefore probably represent nucleotide-sugar 4-epi-min1 mg1 protein (214 SD, n  3).
Two additional clades of potential Arabidopsis thali- merases acting on UDP-D-glucuronic acid (UDP-D-
GlcA) and UDP-D-xylose (UDP-D-Xyl), respectively (Fig-ana nucleotide-sugar 4-epimerases are 36%–37%
(clade III) or 17%–19% (clade II) identical to RHD1. The ure 1).
One possible explanation for the apparent nonredun-identities within these clades are between 77%–88%
(clade III) and 66%–90%, respectively. Clade II is closely dancy of RHD1 would be organ-specific expression of
Figure 2. RHD1 and Related Genes
(A) A phylogenetic tree of RHD1 and related
proteins. Protein sequence accessions of the
indicated proteins or gene loci. Clade I: Arabi-
dopsis thaliana: UGE1 (Q42605), UGE2
(CAB43892), UGE3 (AAG51599), RHD1/UGE4
(AAG51709), UGE5 (Q9SN58); Homo sapiens:
hUGE (AAH01273); Escherichia coli: GALE
(P09147); Saccharomyces cerevisiae: Gal10p
(NP_009575). Clade II: Arabidopsis thaliana:
GAE1 (CAB79762), GAE2 (AAF76478), GAE3
(CAB80769), GAE4 (AAB82632), GAE5
(CAB45972), GAE6 (BAB03000); Streptococ-
cus pneumoniae: Cap1J (CAB05928). Clade
III: At1g30620 (AAD25749), AT4g20460
(CAB79046), AT5g44480 (BAB09155),
At2g34850 (AAC12825). The bar is equivalent
to a sequence divergence of 10%.
(B) mRNA expression of the UGE gene family.
RT-PCR was performed with cDNA-specific
primers for putative Arabidopsis UGEs and
translation initiation factor eIF4E (AT4g18040,
GI:7268556), used as a loading control, with
cDNA derived from 5-day-old seedlings
grown at constant light (L) or dark (D); 5-day-
old roots from Col-0 (R) or rhd1-1 (r1); 5-day-
old green seedling parts (G); and fully ex-
panded leaves (X), elongating inflorescence
stems (S), or flowers (F) of 32-day-old mature
plants.
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individual isoforms. However, transcripts of RHD1 and
the remaining four UGE genes were ubiquitously ex-
pressed in the tested organs, including roots, as well
as green seedling parts, mature leaves, elongating inflo-
rescence stems, and flowers (Figure 2B). Another possi-
bility to explain the nonredundancy of UGE isoforms is
differential targeting to cellular compartments. Align-
ment of the five Arabidopsis thaliana UGE protein se-
quences with the GalE protein of Escherichia coli did not
reveal any N-terminal signal peptides or other targeting
sequences, suggesting that all five isoforms are re-
stricted to the cytosol (data not shown).
To test if RHD1 is required for the synthesis of UDP-
D-Gal in vivo, we germinated rhd1-1, rhd1-2, and wild-
type (WT) plants on growth medium supplemented with
varying concentrations of D-galactose since UDP-D-Gal
can also be formed from free D-galactose by the salvage
pathway shown in Figure 1. Four days after germination
on D-galactose-free medium, the root length of rhd1-1
was 54% that of WT, and the root length of rhd1-2 was
67% that of WT, and mutant roots displayed characteris-
tic bulging of the epidermal cells (Figure 3A). The addi-
tion of D-galactose caused complete suppression of the
root shortening and the epidermal bulging phenotype
in rhd1 and full rescue of the WT root morphology (Figure
3B). In rhd1-2, full suppression of the epidermal bulging
phenotype was observed in approximately 50% of the
mutants at 2 mM D-galactose (Figure 3D). The rhd1-1
allele required 4 mM for an equivalent degree of rescue.
The average root length of rhd1-2 and rhd1-1 reached
WT values at 3 mM and at 5 mM D-galactose, respec-
tively (Figure 3D). The reduced allelic strength of rhd1-2
compared to rhd1-1 is consistent with the conservative
amino acid substitution in rhd1-2. WT plants were mor-
phologically unaffected by the presence of D-galactose Figure 3. Rescue of rhd1 by D-Galactose
between 1 mM and 10 mM, but an increasingly severe (A–D) Seeds of wild-type (left) and rhd1-1 (right) were germinated
inhibition of root growth as well as inhibition of root hair and grown at 25C in continuous light on Phytagel (0.8%)-solidified
MS medium containing 1% sucrose on vertical plates and (A) noformation was observed between 20 mM and 80 mM.
additional carbohydrate, (B) 5 mM D-galactose, or (C) 80 mMAt toxic concentrations of D-galactose, rhd1 mutants
D-galactose. (D) Root length (% of wild-type; squares and triangles)were indistinguishable from WT (Figure 3C). This con-
and root morphology (% of seedlings displaying normal root epider-
trasts with the previous finding that antisense suppres- mis; circles and diamonds) of rhd1-1 (triangles, diamonds) and
sion of UGE1 led to an apparent exacerbation of rhd1-2 (squares, circles) seedlings germinated at D-galactose con-
D-galactose toxicity and that lines overexpressing UGE1 centrations varying from 0 to 5 mM.
displayed improved tolerance to D-galactose [17]. This
strongly suggests that UGE1 plays an important role in
spectively (see Table S1 in the Supplementary Material).D-galactose detoxification and that RHD1/UGE4 is not
The less severe reduction in cell wall galactose ininvolved in this process, but rather plays a nonredundant
rhd1-2 compared with rhd1-1 correlates with its lowerrole in the production of UDP-D-Gal in vivo.
D-galactose requirement for WT rescue and is probablyUDP-D-Gal is a donor nucleotide sugar for the biosyn-
due to a partial reduction-of-function mutation. Further-thesis of galactolipids, N-glycans, and various complex
more, we conclude from the disproportionate alterationscarbohydrates in the cell wall [18]. In N-glycans of most
of some galactose linkage forms in the cell wall of rhd1plant glycoproteins, D-galactose exists in the form of the
(see Table S2 in the Supplementary Material) that RHD1trisaccharide Gal(1→3)[Fuc(1→4)]GlcNAc, a structure
specifically provides UDP-D-Gal for the synthesis of AGabsent in N-glycans of Arabidopsis thaliana [19]. This
II in AGPs, for the addition of galactose to XG, andmakes it unlikely that rhd1 mutations cause defects in
possibly for the synthesis of galactose-containing sideN-glycosylation. Thin layer chromatographic analysis of
chains of rhamnogalacturonan I.lipids from roots or cotyledons alongside galactolipid
To follow the fate of UDP-galactose incorporation intostandards revealed identical lipid profiles in rhd1 and
these two cell wall polysaccharides, we used immun-WT (data not shown), indicating no obvious requirement
ofluorescence to look at the distribution of cell wallof RHD1 for galactolipid synthesis. However, there was
epitopes in wild-type and rhd1 roots. The monoclonala reduction in cell wall-bound galactose of 24% and
antibody CCRC-M7 recognizes an arabinosylated18%, which was compensated for by an increase in
rhamnose by 21% and 22%, in rhd1-1 and rhd1-2, re- (1→6)--D-galactan epitope found in AGP and RG I [20],
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which is expressed in most cell types of the Arabidopsis
thaliana root tip [21]. A clear reduction of the labeling
by CCRC-M7 was observed in epidermal cells of rhd1
(Figure 4A, arrow) in the elongation zone and throughout
the differentiation zone. However, there was strong
CCRC-M7 labeling of the cortex, the endodermis, and
the stele (Figure 4A) of rhd1 and WT. This demonstrates
that RHD1 is essential for the synthesis of the arabinosy-
lated (1→6)--D-galactan in the epidermis, while other
tissue layers obviously express at least one other func-
tional UGE isoform.
CCRC-M1, a monoclonal antibody that binds to termi-
nal -fucose (1→2) linked to (1→6)--D-Xyl (1→2)--D-
galactosyl side chains of XG [22], labels most cell walls in
the Arabidopsis thaliana WT root throughout cell division
and elongation [21] (Figure 4B). The outer epidermal
walls are particularly strongly labeled (arrowheads in
Figure 4B). In rhd1 mutants, on the other hand, CCRC-
M1 labeling was reduced (arrows in Figure 4B). At the
onset of (Figure 4B) and throughout the elongation zone
of rhd1 roots, CCRC-M1 labeling was absent from all
epidermal walls. However, despite the normal presence
of arabinosylated (1→6)--D-galactan in the cortex of
rhd1, CCRC-M1 failed to decorate this cell type. Be-
cause at least one functional UGE is expressed in rhd1
cortical cells (Figure 4D), an intriguing explanation for
the requirement of RHD1 for XG galactosylation may be
that it is part of a substrate channel with Golgi-localized,
XG-specific galactosyltransferases. It is believed that
different cell wall matrix polymers may be synthesized
in different cisternae of the Golgi [8]. Hence, RHD1 may
be specifically associated with the outer face of Golgi
cisternae in which XG is galactosylated. To be physically
linked with XG galactosylation, the cytosolic UGE would
have to be recruited into a complex with a UDP-D-Gal
transporter and a XG-dependent galactosyl transferase.
The biosynthesis of arabinosylated (1→6)--D-galactan
in this same cell type might then be explained by the
presence of an alternative UGE isoform that is part of
a different biosynthetic complex.
Because both CCRC-M1 and CCRC-M7 monoclonal
antibodies did not label the epidermis in rhd1, this might
mean that RHD1 is exclusively expressed in this tissue.
However, longitudinally sectioned WT root hairs were
homogeneously labeled with CCRC-M1 (Figure 4C),
which contrasted with rhd1, in which labeling was
strongly reduced in root hair lateral walls while hair tips
appeared comparable to WT. This resulted in an asym-
metric labeling pattern (Figure 4C, arrow). Therefore,Figure 4. Immunofluorescence Detection of D-Galactose-Con-
at least one functional UGE isoform is active in rhd1taining Cell Wall-Related Epitopes in WT and rhd1
epidermal cells during root hair tip growth (Figure 4D).(A) Fucogalactoxyloglucan labeled by CCRC-M1 in wild-type (left)
We conclude that UGE isoforms might play a roleand rhd1 (right). The outer epidermal wall in WT (arrowhead) and
rhd1 (arrow) is indicated. in plants in the subcellular partitioning of UDP-D-Gal
(B) CCRC-M1 labeling of longitudinal sections of root hairs of wild- metabolite fluxes and predict that some UGE isoforms
type (top) and rhd1 (bottom). are functionally partnered with a UDP-D-Gal transporter
(C) Arabinosylated 1,6-galactan on AGP labeled by CCRC-M7 in
wild-type (left) and rhd1 (right).
(D) An overview of immunolabeling of wild-type and rhd1 roots of
arabinosylated (1→6)--D-galactan (CCRC-M7) and galactosylated
xyloglucan (CCRC-M1) in relation to cell type and cellular domain. their presence in a cell (black lines) also indicates UGE activity. The
The root hair-forming (H) and root hair-nonforming (N) epidermal absence of labeling in rhd1 (gray lines) indicates that the wild-type
cells and the cortical (C), endodermal (E), and pericycle (P) cell layers RHD1 product functions to provide UDP-D-Gal for the respective
are indicated. Because both epitopes depend on UDP-galactose, cell wall polymer in a nonredundant fashion.
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ner, eds. (Berlin: Springer Verlag), pp. 3–76.at the outer face of the Golgi. This is supported by the
6. Delmer, D. (1999). Cellulose biosynthesis: exciting times for aprevious finding of membrane-associated UGE activity
difficult field of study. Annu. Rev. Plant Physiol. Plant Mol. Biol.[23]. Moreover, it has been found that galactose-1-phos-
50, 245–276.
phate uridylyltransferase is localized in discrete spots
7. Verma, D.P., and Hong, Z. (2001). Plant callose synthase com-
in yeast in a UGE-dependent manner [24]. The regulation plexes. Plant Mol. Biol. 47, 693–701.
of the metabolite flux of cell wall precursors by subcellu- 8. Moore, P.J., Swords, K.M., Lynch, M.A., and Staehelin, L.A.
lar targeting of isoforms of cytosolic enzymes is cur- (1991). Spatial organization of the assembly pathways of glyco-
proteins and complex polysaccharides in the Golgi apparatusrently also proposed for sucrose synthase, in which dif-
of plants. J. Cell Biol. 112, 589–602.ferent isoforms may channel UDP-D-Glc toward either
9. Baldwin, T.C., Handford, M.G., Yuseff, M.I., Orellana, A., andcellulose synthase [25] or starch synthesis [26]. We pos-
Dupree, P. (2001). Identification and characterization oftulate that substrate channeling of UDP-D-Gal at the
GONST1, a golgi-localised GDP-mannose transporter in Arabi-
level of UGE isoforms can be regulated at the tissue dopsis. Plant Cell 13, 2283–2295.
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